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Abstract The present study investigated the human ability to
discriminate the size of 3-D objects by touch. Experiment 1
measured the just noticeable differences (JNDs) for three
tasks: (1) discrimination of volume without availability of
weight information, (2) discrimination of volume with
weight information available, and (3) discrimination of
surface area. Stimuli consisted of spheres, cubes, and
tetrahedrons. For all shapes, two reference sizes were used
(3.5 and 12 cm
3). No significant effect of task on the
discriminability of objects was found, but the effects of shape
and size were significant, as well as the interaction between
these two factors. Post hoc analysis revealed that for the
small reference, the Weber fractions for the tetrahedron were
significantly larger than the fractions for the cube and the
sphere. In Experiment 2, the JNDs for haptic perception of
weight were measured for the same objects as those used in
Experiment 1. The shape of objects had no significant
effect on the Weber fractions for weight, but the Weber
fractions for the small stimuli were larger than the
fractions for the large stimuli. Surprisingly, a compari-
son between the two experiments showed that the Weber
fractions for weight were significantly larger than the
fractions for volume with availability of weight infor-
mation. Taken together, the results reveal that volume
and weight information are not effectively combined in
discrimination tasks. This study provides detailed insight
into the accuracy of the haptic system in discriminatingobjects’
size. This substantial set of data satisfies the need for more
fundamental knowledge on haptic size perception, necessary
for a greater understanding of the perception of related
properties, as well as of more general perceptual processes.
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Introduction
Imagine yourself exploring an object with your hands.
In order to identify the object, you need to perceive
some specific features of that object, such as texture,
hardness, shape, and size. In many situations, this
process is automatic, fast, and accurate, and probably
you would not even think about it. However, from a
scientific point of view, it is a fascinating process. It
comprises complex perceptual and cognitive mecha-
nisms, and we first need to disentangle each of these
mechanisms before trying to understanding in more
detail the perceptual system in general. The ability to
perceive fundamental object properties (e.g., color and
weight) has already been studied since the 19th century,
and this topic is still investigated actively. Despite this
long history of psychophysical research on object
properties, the haptic perception of the size (or volume)
of 3-D objects has not been studied in detail so far.
However, without sufficient knowledge concerning the
perception of objects’ size, we will not be able to
understand completely the perception of some related
properties, such as the weight of objects, since it has
been shown that size has a systematic influence on
other percepts (e.g., the size–weight illusion). Also,
more detailed knowledge of size perception would aid
in the understanding of processes like object recognition
and the control of manual actions (e.g., grasping), which
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DOI 10.3758/s13414-011-0202-ymay be relevant for interactions with objects in virtual
settings, such as teleoperation. Therefore, the present
study investigated the human ability to discriminate the
size of 3-D objects.
When discriminating by touch the size of two small
same-shaped objects, we can grasp each object between
two fingers and make a judgment of the distance between
the two fingers, which corresponds to the length of the
object. A number of studies have been performed on the
just noticeable differences (JNDs) of length for objects held
between two fingers. The stimuli used in these studies were
either calipers or blocks varying in length. The JNDs were
often reported in proportion to the reference stimulus,
resulting in a Weber fraction. The reported Weber fractions
for length discrimination varied highly, ranging from .02 to
.11 (Dietze, 1961; Durlach et al., 1989; Evans & Howarth,
1966; Kelvin, 1954; Langfeld, 1917; Stevens & Stone,
1959). These studies provided some insight into the human
ability to discriminate haptically the length of objects.
However, size discrimination of 3-D objects comprises
more than merely the discrimination of length. Instead of
exploring the object between two fingers, we could also
take the object in the whole hand and explore it by
enclosure. This will provide information about properties
such as the global shape, the volume, and the total surface
area of the object, properties that would not be available to
the haptic sense when an object is only grasped between
two fingers. In this situation, the size of a 3-D object might
be best described by its volume. Lederman and Klatzky
(1987) demonstrated that enclosure was the stereotypical
exploratory procedure that was used by participants when
they were asked to judge the volume of a 3-D object.
Although, a detailed investigation of the JNDs for volume
is required for a comprehensive understanding of haptic
size perception of 3-D objects, there are no studies on the
accuracy of the volume judgment by way of enclosure. In
addition to the scientific importance, knowledge concerning
volume perception may also be applied in the field of
remote handling and teleoperation.
The present study investigated haptic perception of
volume and focused on the following four questions:
1. Effect of shape. Previous studies on haptic volume
p e r c e p t i o nw e r eb a s e dm a i n l yo nt h ei n f l u e n c eo ft h e
shape of objects on perceived volume (Kahrimanovic,
Bergmann Tiest & Kappers, 2010;K r i s h n a ,2006).
They revealed that the volume judgment is strongly
biased by the objects’ shape. For example, tetrahe-
drons were perceived as larger than cubes and spheres,
and cubes were perceived as larger than spheres
(Kahrimanovic et al., 2010). Because of the strong
influence of shape on the volume percept, a study on
the JND for volume should investigate whether
volume discrimination thresholds also differ between
shapes. Therefore, the present study investigated the
JNDs for volume for three different shapes (i.e.,
tetrahedrons, cubes, and spheres), which were the
same as those in the previous experiment on percep-
tual biases. This created the possibility of comparing
the effect of shape on volume perception of differently
shaped objects with the effect of shape on volume
perception of same-shaped objects.
2. Effect of size. Previous studies on the discrimination of
the length of objects showed that the JND for length
increased with reference length. However, these JNDs
were not a constant proportion of the original stimulus
value, indicating that length perception is not in
accordance with Weber’s law. The studies showed that
in particular, the Weber fractions for the small stimuli
were relatively large (Dietze, 1961; Durlach et al.,
1989; Gaydos, 1958; Stevens & Stone, 1959). The
present study tested whether comparable patterns
would occur for volume discrimination. Preferably, a
study like this should include a large range of reference
stimuli. The choice of the stimulus range that could be
used for an experiment with unimanual enclosure of
objects is, however, limited by the size of the hand.
Therefore, for the present stimuli and exploration
procedure, it is not possible to test Weber’sl a w
comprehensively. By a comparison of the thresholds
for two substantially different reference sizes, the
present experiment will at least shed some light on
the effect of size on the JNDs for volume. On the
basis of the studies on length discrimination, we
hypothesized that the fraction for the small reference
stimulus would be larger than the one for the large
reference stimulus.
3. Volume versus surface area. The Kahrimanovic et al.
(2010) study showed that the haptic volume judgments
were biased by the objects’ shape because the judg-
ments were based on the surface area of objects, instead
of the volume itself. Hence, during the volume
judgment task, an object with a larger surface area
was perceived as being larger in volume, as compared
with a differently shaped object with the same physical
volume but a smaller physical surface area. This
suggests that the haptic system does not perceive the
volume of an object directly but extracts it from other
object properties. We suggested that the judgment
might be based on the property that was most salient
during exploration, which was the surface area in this
case. The same study showed also that when partic-
ipants were asked to discriminate two differently
shaped objects according to surface area, their perfor-
mance did not differ from their performance during the
volume task. This indicates that the task (i.e., compare
2650 Atten Percept Psychophys (2011) 73:2649–2656objects according to volume or surface area) did not
influence the judgment and that the same strategies
were used for both volume and surface area judgments.
Related to these findings, the present study investigated
whether these tasks would have an influence on JNDs
when same-shaped objects were compared. It mightbe
hypothesized that for both the volume and the surface
area tasks, the same strategies would be used. There-
fore, no effect of task on discrimination thresholds
would be expected.
4. Influence of availability of weight information. In
addition to the use of the volume or the surface
area to distinguish the size of objects, the weight
may also provide relevant information. From expe-
rience, we know that a heavier object should be
larger than a lighter object made of the same
material. We tested whether availability of weight
information, which correlated perfectly with volume
information in the present study, would influence the
volume judgment. It has been shown that the biases
for volume perception are smaller in conditions with
weight information than in those without, indicating
that weight information is used appropriately to aid
volume judgment (Kahrimanovic et al., 2010).
Therefore, it might be hypothesized that volume
discrimination of equally shaped objects would also
be aided by additional weight cues.
Experiment 1
Method
Participants A group of 8 students (3 of them male, 5
female) from Utrecht University participated in the first
experiment. Their mean age was 23 years (SD = 2 years),
a n dt h e yw e r ea l lr i g h t - h a n d e da st e s t e db yC o r e n ’s
handedness questionnaire (Coren, 1993). All were naïve
as to the purpose of the experiment, and they provided
written informed consent. They were paid for their
participation.
Stimuli Two sets of tetrahedrons, cubes, and spheres made
out of brass were used as stimuli. Both sets consisted of
stimuli that could fit in one hand, with volumes ranging
from 2 to 5 cm
3 and from 10 to 14 cm
3. For each object
shape, two references were used: a small reference of
3.5 cm
3 for the first range and a larger one of 12 cm
3 for the
second range. Set 1 consisted of completely solid objects
(see Fig. 1), with the mass of these objects covarying
consistently with their volume. This set was used for the
task with weight information. Set 2 was identical to the first
one, with the exception that in each object, a small
cylindrical hole (diameter of 1 mm) was made to be able
to place the objects on stands and, thereby, eliminate the
availability of weight information.
1
Conditions A 3 (shape) × 2 (size) × 3 (task) within-subjects
design was used, resulting in 18 different conditions. The
three different shapes were tetrahedrons, cubes, and
spheres. The size factor was determined by the size (3.5
and 12 cm
3) of the reference stimulus. The task factor
consisted of three different tasks. Either the participants
were asked to explore pairs of objects on stands (conditions
without weight information) and to compare them accord-
ing to either their volume or surface area, or they were
asked to explore pairs of objects that were placed
successively in their hands (condition with weight infor-
mation) and to compare them according to volume. The 18
conditions were performed within nine sessions. Shape and
task were randomized between sessions, and the two
different sizes were randomized within a session. Further-
more, the order of the test and reference stimuli within each
trial was randomized. Each session lasted for about 1 h,
1 Stimulus set 2 was not used in the conditions with weight
information. Due to the small cylindrical hole in each of the objects,
the weight of these objects did not correspond precisely with their
volumes.
A
B
Fig. 1 a The two ranges of objects from the stimulus set with the
completely solid objects (set 1). The objects from stimulus set 2 were
identical to those but included a small cylindrical hole, creating the
possibility of placing them on stands. b A participant holding the
largest tetrahedron free in the hand (left) and exploring the same
stimulus on the stand (right)
Atten Percept Psychophys (2011) 73:2649–2656 2651resulting in about 9 h per participant for the complete
experiment.
Procedure After receiving the instructions, the participants
were blindfolded. For the conditions without mass infor-
mation, the stands (12 cm high) on which the objects were
placed were fixed on the table in front of the participant,
with a center-to-center distance between the stands of
10 cm. The participants were familiarized, with some
practice trials, with the location of the stands and the
objects on them. They were asked to start each trial from a
fixed reference point, such that they could locate the stimuli
easily in just one smooth arm movement. To start a trial, the
experimenter indicated that the participant could explore
the first stimulus, which was always the stimulus on the
right side. After the palm of the hand had touched one side
of the stimulus, the stimulus had to be enclosed to perceive
the shape and the volume as thoroughly as possible. The
participants were instructed to enclose the stimulus maxi-
mally. After the initial enclosure, they were allowed to open
their hand and to enclose the stimulus in another way. They
were not allowed to use only the fingers for the exploration
process, since this would reduce the judgment to a
judgment of the length. After exploration of the first
stimulus, the participant moved his/her hand toward the
second stimulus and explored it in the same way. The
participant had to indicate which of the two stimuli was
either larger in volume or larger in surface area, depending
on the condition.
For the conditions with weight information, each partici-
pant was asked to rest the elbow of his/her right arm on the
table and to hold the hand in a horizontal position with the
palm facingupward. The experimenterplacedthe stimuli,one
after the other, in the center of the palm. The participant was
asked to enclose each stimulus, similar to the exploration of
the stimuli on stands, in order to perceive its shape and
volume. After exploration of the two stimuli, the participant
had to indicate which of the two had a larger volume. In these
conditions, the participant could also perceive the weight of
the stimuli. However, no explicit information was given
concerningthe weightofthe objects orthepossibilityofusing
weight information during the volume judgment.
Data collection The data were collected with a method of
constant stimuli that consisted of two parts. The first part
was the same for all participants and was used for a rough
estimation of the discrimination threshold. This part
consisted of a reference stimulus and test stimuli that
differed in steps of 0.5 cm
3 from the reference stimulus, up
to the outer stimuli of the range. Each combination of test
and reference stimuli in this part was tested 4 times. The
stimulus range in the second part was based on the
performance within this first set. If performance was worse
than a specified criterion,
2 the same set as that in the first
part was used. Each combination of reference and test
stimuli was repeated 6 more times in order to end up with
ten repetitions for each combination. If performance was
better than this criterion (see Fig. 2), a narrower set of test
stimuli, differing in steps of 0.25 cm
3, was used, and each
stimulus combination was presented 10 times in total. The
data from both parts were taken together for the analyses.
Data analyses For each combination of reference and test
stimuli in the different conditions, the fraction was calculated
with which the participant selected the test stimulus to be the
larger in volume/surface area. Aweighted cumulative Gauss-
ian distribution (f) as a function of the volume of objects (V)
was fitted to the data with the maximum-likelihood
procedure, using the following equation:
f ðVÞ¼
1
2
1 þ erf
V   Vref
s
ﬃﬃﬃ
2
p
     
;
where the parameter σ is a measure of the 84% discrimina-
tion threshold and the parameter Vref corresponds to the
volume of the reference stimulus that was used. The
measured discrimination threshold indicates the sensitivity
of participants in perceiving differences between two objects
(for an example, see Fig. 2). Note that the volume of objects
was used as a parameter in all conditions and also when the
participants were asked to compare the objects in terms of
surface area. In this way, the values of the discrimination
thresholds were not influenced by the use of different
parameters in different conditions. Each discrimination
threshold was then divided by the volume of the reference
stimulus, resulting in the Weber fraction.
Results
Figure 3 shows the average Weber fractions for the two
reference sizes, the three tasks, and the three shapes. As
can be seen in the figure, the average Weber fractions
ranged from .11 for the large sphere in the surface area
task to .20 for the small tetrahedron in the volume task
with weight information. A 3 (task) × 3 (shape) × 2 (size)
repeated measures ANOVA performed on the Weber
fractions revealed no significant effect of the factor task,
F(2, 14) = 1.9, p = .19, but the main effects of size and
2 The criterion was determined with a computer simulation. For
different specified discrimination thresholds and different criteria, we
used a Monte Carlo simulation to generate 100 data sets based on a
binomial distribution and calculated for each data set the discrimina-
tion threshold. The difference between the specified and the calculated
discrimination thresholds proved to be smallest at a criterion of about
83% correct responses, indicating that the discrimination threshold
would be determined most accurately with that criterion level.
2652 Atten Percept Psychophys (2011) 73:2649–2656shape were significant, F(1, 7) = 12, p <. 0 1 ,a n dF(2, 14) =
11, p < .001, respectively. Furthermore, there was also a
significant interaction effect between shape and size, F
(2, 14) = 7.4, p < .005. No other interactions were
significant (p > .05). The significant effects will be
explored further in the following section.
Effects of shape and size The main effect of size revealed
that the Weber fractions for the smaller stimuli, on average
.16 (SE = .01), were significantly larger than the Weber
fractions for the larger stimuli, on average .13 (SE = .01).
The significant main effect of shape indicated that the
Weber fractions differed depending on the shapes that were
compared. The average fractions for the tetrahedron, cube,
and sphere were .17 (SE = .01), .15 (SE = .01), and .127
(SE = .007), respectively. In order to explore further the
significant interaction effect between shape and size, a
repeated measures ANOVA with shape as the within-
subjects factor was performed for each reference size. No
significant effect of shape on the Weber fractions was
found for the large reference, F(2, 14) = 2.6, p =. 1 1 .O n
the other hand, for the small reference, the effect of shape
was highly significant, F(2, 14) = 16, p < .001. Bonferroni
corrected pairwise comparisons showed that, for the
smaller reference, the Weber fraction for the tetrahedron
(.19, SE = .01) was significantly larger than both the
fraction for the sphere (.133, SE = .007) and the fraction
for the cube (.16, SE = .01), with p < .005 and .05,
respectively, for the two comparisons. The comparison
between the Weber fractions of the cube and the sphere
failed to reach significance (p =. 1 8 ) .
Furthermore, paired sample t-tests were performed to
compare the fractions for the small and the large objects
for all three shapes individually. These tests showed that
the fractions for the small objects were significantly larger
than those for the large objects for the cube and the
tetrahedron, t(7) = 2.8, p <. 0 5 ,a n dt(7) = 4.2, p <. 0 0 5 ,
respectively. For the sphere, the two fractions did not
differ significantly, t(7) = 1.4, p =. 2 1 .
Experiment 2: Discrimination thresholds for weight
Experiment 1 revealed no differences between the thresh-
olds in conditions with and without weight information.
This finding is interesting since we expected the perfor-
mance to be better when more relevant information was
available. In order to explore this finding further, a second
experiment was performed in which the participants were
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thresholds for weight have already been investigated
extensively (for a short overview, see Jones, 1986).
However, the reported thresholds varied widely (Weber
fractions ranged from .03 to .13), and they were measured
with rather different stimuli and exploration strategies than
those used in the present study. It would not be very
informative to compare the results from the first experiment
with those thresholds from the literature. Therefore, the
second experiment was necessary for a better understanding
of the processes involved in haptic size perception with
availability of weight information.
Method
Design The design was the same as that for the volume
condition with weight information in the previous experi-
ment. The only difference was that the participants in this
second experiment were asked to discriminate the objects
according to their weight instead of their volume. No
information was provided about the relationship between
the volume and the weight of the objects. However, the
participants were instructed explicitly that it was important,
for the purpose of the experiment, to enclose the objects at
each trial. The three different shape conditions were
performed in different sessions, and the size factor was
randomized within a session. Each session lasted for about
1 h, resulting in about 3 h per participant for the complete
experiment.
Participants A group of 8 participants (5 of them male, 3
female; mean age, 22 years) took part in this experiment.
They were all right-handed as tested by Coren’s test (Coren,
1993). They provided informed written consent and were
paid for their participation. No participants in this experi-
ment had taken part in Experiment 1.
Results
The Weber fractions for weight are shown in Fig. 4,
together with the relevant Weber fractions for volume from
Experiment 1. The ANOVA performed on these weight
fractions revealed no significant effect of shape, F(2, 14 =
2.1, p = .16, but the effect of reference size was significant,
F(2, 7 = 37, p < .001. The average Weber fraction for
weight for the small reference (.35, SE =. 0 4 )w a s
significantly larger than the fraction for the large reference
(.18, SE = .03). Furthermore, a significant interaction effect
between shape and size was found, F(2, 14) = 3.9, p < .05.
However, post hoc analyses revealed that the effect of shape
was not significant for the large reference, F(2, 14) = 0.059,
p = .94, or for the small reference, F(2, 14 = 3.7, p =. 0 5 1 .
The significant interaction effect can be related to a trend
toward a smaller Weber fraction for the cube than for the
other two objects in the condition with the smaller
reference.
Comparison of the Weber fractions for weight and those
for volume revealed that the Weber fraction for weight was
significantly larger than the one for volume for the small
sphere and tetrahedron and for the large sphere (p < .05,
two-tailed t-test).
General discussion
The present study investigated the ability to discriminate
the size of same-shaped small 3-D objects during unima-
nual haptic exploration. The effects of shape, size, and three
different tasks on the discrimination threshold were inves-
tigated in Experiment 1. Experiment 2 investigated the
discrimination thresholds for weight. The following sec-
tions discuss the observed effects.
The effect of shape
The results from Experiment 1 showed that the size
discriminability of 3-D objects was significantly influenced
by their shape for the small reference. The Weber fraction
for the tetrahedron was significantly larger than the
fractions for the cube and the sphere. A possible explana-
tion for this effect of shape may be related to the saliency of
specific object properties. The discrimination of objects
may be disrupted by the presence of the edges and,
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2654 Atten Percept Psychophys (2011) 73:2649–2656especially, the sharp vertices of the tetrahedrons, which
were probably rather salient during exploration. The cube
also included edges and vertices, but these were probably
less salient. These suggestions can be related to studies on
the saliency of object features and studies on the
interference of edges with haptic shape perception.
Plaisier, Bergmann Tiest and Kappers (2009)s h o w e d
that edges and vertices were the salient features that aided
the haptic search for a target object between distractors.
They showed that finding a tetrahedron between spheres is
easier than finding a cube between spheres, as manifested
in steeper search slopes for the cube–sphere search.
Panday, Bergmann Tiest and Kappers (2011)s h o w e dt h a t
presenceofthe salient edges disruptedthe participants’ ability
to perceive haptically the orientation of blocks. In conditions
with edges, the discrimination threshold was increased by
50%, as compared with conditions in which the exploration
wasrestrictedinsuchawaythatparticipantswerenotallowed
to touch the edges. The present results suggest that the
presenceofsalientedgesalsodisruptssizeperceptionofsmall
objects.
The effect of size
The present results showed that the Weber fractions for
cubes and tetrahedrons, but not for spheres, were larger for
the small reference size. This effect may be related to the
way in which the objects were apprehended, by enclosure
in the hand: Small finger movements might provide more
information for the large than for the small reference size.
Similarly, Klatzky, Lederman and Reed (1987) suggested
that the low discriminability and salience of size during
haptic exploration might be related to the exploratory
procedure of enclosure, which provides mainly gross
information. This, however, does not account for the lack
of the effect of size on discriminability of spheres. The
present effect of size on the threshold also resembles the
findings of studies on size discrimination of objects held
between two fingers, which showed that the absolute
discrimination thresholds for size increased with an
increase of reference size but that size perception is not in
accordance with Weber’s law (Dietze, 1961; Durlach et al.,
1989; Evans & Howarth, 1966; Stevens & Stone, 1959).
Volume versus surface area
Discrimination thresholds of volume and surface area were
the same. Furthermore, the effect of shape on the threshold
was the same for the two tasks. This suggests that the same
strategy was used for the discrimination of volume and of
surface area. Our previous study on perceptual biases
(Kahrimanovic et al., 2010) showed that for the comparison
of differently shaped objects, participants used comparable
strategies for both volume and surface area judgments. The
present data suggest a similar effect when same-shaped
objects are compared. Another similarity between discrim-
ination of same-shaped and differently shaped objects
becomes apparent when the values of the Weber fractions
from the two studies are compared. The previous study
revealed an average Weber fraction of .16 (SE = .02), which
is comparable to the fractions obtained in the present
experiment. The use of surface area may be related to its
salience during enclosure. We propose that the haptic
system does not perceive volume directly but that volume
judgment is based on “simpler” dimensions that are salient
during the exploration.
Effect of weight information
Experiment 1 also investigated the influence of the
availability of weight information on the volume judgment.
The results showed that the Weber fractions for volume in
conditions with and without weight were the same. This
finding is surprising, since we expected that weight
information would aid the volume judgment. Kahrimanovic
et al. (2010) showed that the addition of weight information
to the volume judgment of differently shaped objects
resulted in less bias. It is also the case that cue combination
theories predict that integration of two cues will result in a
better performance than is obtained with a single cue. At
least in our study, however, in which the participants were
not informed explicitly about the relation between volume
and weight, two cues were no better than one.
Thresholds for weight discrimination
Experiment 2 of the present study investigated the influence
of shape and reference size on the discrimination of the
weight of 3-D objects. The results showed that shape did
not influence the Weber fractions for weight, which were
significantly larger for the small reference stimulus. The
fractions—on average, .29—are larger than those reported
in other studies, which ranged between .03 and .13 (Jones,
1986). This difference may be related to the way the objects
were explored: In the present study, the object was
enclosed; in previous studies, it was hefted in the palm or
lifted by the fingers. Furthermore, Weber fractions for
weight were larger than those for volume with weight
information; this was mainly true for the small objects. We
observed that, when asked to judge weight, but not when
asked to judge volume, the majority of participants
performed hefting movements after enclosing the object.
This suggests that participants did not attend to weight
when asked to judge volume. This is not surprising, since
weight discrimination (at least in our study) was more
difficult.
Atten Percept Psychophys (2011) 73:2649–2656 2655Conclusions
The present study revealed that unimanual haptic discrimina-
tion of the size of 3-D objects is influenced by their shape and
size.Furthermore,volumediscriminationwasnotaidedbythe
availability of weight information or vice versa, and the
discrimination of volume did not differ from the discrimina-
tion of surface area. In addition, the present study showed that
theshape of3-Dobjectshadnosignificantinfluenceonhaptic
perception of the weight of these objects but that weight
discrimination was influenced by the size of the objects.
Finally,comparisonofWeberfractionsforvolumeandweight
revealed that the fractions for weight were larger, indicating
that discrimination of the weight of objects is a more difficult
task than discrimination of their volume.
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